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Abstract The turtle shell is an amazing structure optimized through the long-term evolution by
nature. This paper reports the experimental study on the mechanical property at diﬀerent levels and
locations, and the microstructure of the shell from Trachemys scripta (Red-ear turtle) living in South
China. c© 2012 The Chinese Society of Theoretical and Applied Mechanics. [doi:10.1063/2.1201409]
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Turtle is one of the oldest animals still existed in
the world, which is believed to have evolved since 220
millions years ago.1 The turtle shell, as the protective
armor, plays an important role in helping the animal
survive and evolve. The delicacy and optimal design
of the turtle shell yields not only strong defense abil-
ity, but also an anchoring site for the muscles and the
major mineral reservoir of the body.2 It is estimated
that the bone-like shell of the Chrysemys turtle accounts
for about 32% of the body mass of the animal. How-
ever, this does not aﬀect too much the animal actions.
Domokos et al.3 observed and studied the inversion and
upturn processes of various kinds of turtles, and found
that the turtle shell shape is an optimized geometric
design for the reversal action. Each type of turtle shells
has its own optimal shape depending on the lengths of
the turtle’s neck and legs.
The turtle shell structure is an optimally designed
multilevel system by nature. The vaulting shell of the
turtle not only provides the animal with the optimal
load-bearing capacity, but also results in the maximum
space for the animal storing and protecting its internal
organs.4 Rhee et al.5 found that the turtle shell consists
mainly of three layers of materials, namely, the interior
and exterior layers consisting of cortical bone, and the
middle layer consisting of cancellous bone. They mea-
sured the mechanical properties of the bone ﬁbers by
using a nano indenter with the results of elastic mod-
ulus ∼20 GPa and hardness ∼1 GPa. The observation
via SEM (scanning electron microscopy)6 indicates that
Haversion system is the main structure cell for load-
bearing in cortical bone. In the center of the Haversion
system there is a Volkmann tube supplying nutrition
for the shell to grow and concrescence. Although the
turtle shell is quite stiﬀ at the surface, the shell can still
yield a small amount of deformation during the turtle
movement so as to help it keep the eﬃciency of both
respiration and locomotion. This is because the shell
consists of many small plates connected with the soft
sutures which give rise to a small elastic deformation of
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Table 1. The mass density of the turtle shell specimens.
Location
Interior
layer
Exterior
layer
Middle
layer
Density/(g · cm−3) 1.52 1.47 1.03
the shell under a small load but become considerably
stiﬀ under a large load. Krauss et al.7 have given a de-
tailed description of the microstructure and mechanical
property of the sutures of turtle shell.
Until now, most of the reported studies on turtle
shell are focused on the genetic, molecular and cellular
aspects of its embryonic development.8,9 However, little
is known on the detailed mechanical property of the
turtle shell at diﬀerent levels and positions. The present
study is therefore focused on the mechanical property
of the turtle shell at diﬀerent levels and positions.
The turtle shell used in the experiment was Trache-
mys scripta (Red-ear turtle) living in South China. Its
microstructure is shown in Figs. 1 and 2, which is al-
most the same as Terrapene carolina carapace studied
by Rhee et al.5 On each side of the shell, there are two
strengthening ribs covered with bioﬁbers extending to
the bottom plate surface (see Fig. 1(b)). They give rise
to the highest strength in the turtle shell (the details
will be given below).
The mass density of the shell was measured by us-
ing BT-25S digital balance (Sartorius, Germany) with
resolution of 0.01 mg. Each specimen was cut, as a
thin plate of thickness 1 mm, from the shell at diﬀerent
positions. It has been found that the density of the tur-
tle shell is varied with the position. Table 1 gives the
mass density of the shell material at diﬀerent positions.
Each value is the average of the measurements with ﬁve
specimens.
To measure the mechanical property at diﬀerent lev-
els of loads, the turtle shell (length ∼220 mm, width
∼145 mm) was arranged between two parallel steel sur-
faces and was pressed with a materials testing system
using a compression speed of 2 mm/min, as shown
in Fig. 3(a) with the corresponding force-displacement
curve. The compression failure load for this shell is
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Fig. 1. Microstructure of the turtle shell of Trachemys scripta.
around 3 330 N corresponding to the maximum dis-
placement (top board center) of 10.8 mm.
During the compression experiment, it was found
that the rear part of the top board gave the maximum
compression displacement, while the front part of the
top board almost did not produce the normal displace-
ment. Therefore, the rear part of the top board started
to fail ﬁrst. At the beginning of the failure process,
some cracking sounds could be heard from the rear part,
and ﬁnally a few visible cracks occurred (see Fig. 3(b)).
The shell thickness varies with the location based on the
load-bearing requirement. For the turtle shell shown in
Fig. 3, the typical thickness at the rear part of the top
board is about 3 mm, the typical thickness at its front
part is over 4 mm, and the typical thickness of the bot-
tom plate is ∼2.8 mm. Such a natural design of the
turtle shell provides the turtle with the optimal protec-
tive ability for its head and internal organs.
In order to measure the mechanical property of the
turtle shell material, the shell was cut into three thin
plate specimens at the measured location. Due to the
curved geometry, the specimen length was controlled to
be 40 mm. The width and the thickness were 5 mm
and 1 mm, respectively. The two ends of the speci-
men were then glued with two thin (thickness ∼1 mm)
plastic sheets in order to supply the enlarged ends for
holding ﬁxtures. The electronic extensometer of YYU-
2520 (resolution 0.01 mm) supplied by New SANS Inc.
in Shanghai, China was used to measure the force–
displacement curve.
The stress-strain relation obtained from the force-
displacement curve is based on the engineering stress
and strain deﬁnitions. With the assumption for incom-
pressibility, the true stress and true strain can then be
calculated for the uniaxial tensile test as follows10
σ=σeng(1 + εeng), (1)
ε = ln(1 + εeng), (2)
where σ is the true stress; ε is the true strain; σeng is
the engineering stress and εeng is the engineering strain.
The typical stress-strain curves for each layer of mate-
rial are shown in Fig. 4. Most layers (especially the
interior layer) show a little stiﬀened behavior at the be-
ginning stage of loading. At small strains, the specimens
were deformed in a linear elastic manner due to the cell
wall deformation.11 Soon after the initial linear elas-
tic deformation, failure of the cell walls occurs. Then,
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Fig. 2. Photo images of the strengthen rib and the connec-
tion pattern with the bottom plate.
another period of linear deformation occurred since a
densiﬁcation process would result in a rapid increase
of stress. This is very similar to what was found by
Rhee et al.5 in the bending tests of turtle shell. It
shows that the interior layer gives rise to the highest
strength and modulus while the middle layer has the
lowest strength and modulus. The tensile modulus and
strength of the turtle shell materials at diﬀerent loca-
tions are given in Tables 2 and 3. The strength and
modulus at the strengthening rib are obviously larger
Fig. 3. Compression failure test of the turtle shell.
Table 2. The tensile modulus and strength of the turtle
shell materials.
Location Interior Exterior Middle
Initial modulus/MPa 985 530 315
Final modulus/MPa 500 256 230
Tensile strength/MPa 40 28 19
than those at other locations. The initial modulus is
deﬁned as the modulus at the small strain less than
0.001, the ﬁnal modulus is deﬁned as the ratio of the
fracture stress and the fracture strain (see Fig. 4(b)).
The latter is similar to the average tensile modulus.
As mentioned above, the inside surface of the shell,
especially the bottom plate, is covered with a bioﬁber-
reinforced thin ﬁlm with a thickness of ∼28 microns.
This special composite ﬁlm yields the highest strength
in the turtle shell, especially at the location which is
close to the strengthening rib. We have successfully
measured four specimens of the ﬁber reinforced ﬁlm lo-
cated at the interior surface of the bottom plate. Its
tensile strength is about 2.5 times the strength of the
interior layer material as shown in Table 4. Similarly,
the bioﬁber-reinforced composite ﬁlm shows a stiﬀened
behavior at small strain. The ﬁbers enhancing the com-
Table 3. The elastic modulus and ultimate strength of the
strengthen rib.
Location Interior Middle
Initial modulus/MPa 1 190 700
Final modulus/MPa 511 382
Tensile strength/MPa 51.8 34.5
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Fig. 4. Tensile stress-strain curves at diﬀerent locations of
the shell.
Table 4. The elastic modulus and ultimate strength of the
bioﬁber reinforced ﬁlm on the interior surface of the bottom
plate.
Mechanical property Averaged Range
Initial modulus/MPa 1 660 1 550–1 700
Final modulus/MPa 1 000 875–1 200
Tensile strength/MPa 98 70–135
Break strain 0.10 0.067–0.15
posite ﬁlm on the inside surface usually exhibit in a ﬁber
beam manner so that it is very diﬃcult to get a single
ﬁber from the ﬁber beam. However, we believe that the
diameter of the single ﬁber should be less than 200 nm
(see Fig. 5(b)).
The turtle shell is an amazing structure optimized
through the long-term evolution by nature. Both its
material and structure realize a cooperative optimiza-
tion design to yield an optimal load-bearing capacity.
This paper reports the tensile mechanical properties at
diﬀerent levels and locations, and the microstructure
of Trachemys scripta (Red-ear turtle) living in South
China.
The shell can be divided into three layers according
to their strength: interior layer, exterior layer and mid-
Fig. 5. The ﬁber beams enhancing the thin composite ﬁlm
located on the inside surface.
dle layer. Their average tensile moduli are 500 MPa,
256 MPa and 230 MPa, respectively and their tensile
strengths are 40 MPa, 28 MPa and 19 MPa respec-
tively. The inside surface of the shell, especially the
bottom plate, is covered with a bioﬁber-reinforced thin
ﬁlm with a thickness of ∼28 microns. This layer of
thin ﬁlm material gives the highest strength in the tur-
tle shell, reaching 98 MPa. These experimental data
would be helpful for us to improve the composite shell
design under extreme loading conditions.
There are four strengthening ribs connecting the
shell top board and bottom plate. Under a compres-
sive load, the ribs will be subjected to compression, and
thus the four ribs look like four pillars to help support-
ing the top board. However, the turtle shell as a whole
will be subjected to bending load so that the inside sur-
face is under tension while the outmost surface is under
compression. Thus, the inside surface of the shell is cov-
ered with the bioﬁber-reinforced composite ﬁlm with a
strength of about 100 MPa. Especially, the reinforced
bioﬁbers ﬁrst go down from the rib surface and then
spread into the inside surface of the bottom plate. It
is believed that such a distribution of the bioﬁbers may
follow the stress direction on the inside surface of the
bottom plate to resist the evolution of cracking. We
shall make an integrated analytical, computational and
experimental eﬀort to further explore this interesting
issue.
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